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The intracellular parasitic bacterium Legionella pneumophila subverts host vesicle transport
through reversible AMPylation of Rab1. The effector enzyme for deAMPylation is SidD. Here a com-
plete PPM protein phosphatase fold catalytic domain in SidD is identiﬁed and modelled. The SidD
model reveals insertions and deletions near the metal ion containing catalytic site which presum-
ably determine its novel activity. It also sheds light on possible substrate binding residues and high-
lights the lack of an obvious group to act as general acid during reaction. Assignment of a PPM fold
to SidD offers an important pointer towards identiﬁcation of further deAMPylases.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Many proteins are post-translationally modiﬁed, the resultant
chemical changes being important for diverse reasons – structure,
stability, localization and regulation among them [1]. The best
known of these is phosphorylation in which the modiﬁcation state
of sites can be controlled by the balance of activity between a kinase,
transferring aphospho group fromATP to the target amino-acid, and
a phosphatase which can hydrolyse off the phospho group restoring
the original side chain structure. In human cells, a large majority of
covalently bound phosphate on proteins is attached to Ser and Thr
residues [2] with only around 2% on Tyr. Ser and Thr phosphoryla-
tion are also more abundant than Tyr phosphorylation on bacteria
[3], where phosphorylation in His and Asp residues as part of two-
component signalling pathways is also well-characterised.
Protein Ser/Thr phosphatases belong predominantly in three
classes generally known as phosphoprotein phosphatases (PPPs),
metal-dependentproteinphosphatases (PPMs)andagroupemploy-
ing Asp residues in catalysis [4]. Although unrelated, the ﬁrst two
classes both binding catalytically essential metal divalent cations
in geometrically similar fashion at their active sites [5]. The PPM
family includes important signalling proteins in human (e.g., PP2C
[5]), plants (e.g., HAB1 [6]) and bacteria (e.g., PphA [7]). A PPM do-
main is also found in the signalling protein adenylate cyclase inchemical Societies. Published by Esome specieswhere it regulates the activity of the separate catalytic
domain [8]. Structures from various sources are now available and
invariably contain at least two metal divalent cations in conserved
positions, numbered 1 and 2. A third site is sometimes occupied in
away that correlateswith closure of a ‘ﬂap’ region over the catalytic
site and substrate recognition [7,9,10]. Further metals are occasion-
ally seen in variable positions but are consideredunlikely to be func-
tionally relevant [9]. The fullest picture of PPM catalyticmechanism
comes from a series of structures of Mycobacterium smegmatis PstP
[11] where, serendipitously, different tetrahedral ligands occupied
different positions and were convincingly argued to represent the
substrate complex (cacodylate-bound form), product complex
(phosphate) and incoming substrate (sulphate). No experimental
structure with substrate has yet been obtained, but inhibitor in the
case of HAB1 [6] and the crystal contact of a symmetry related
molecule [10] have each been suggested to be indicative of substrate
binding mode.
The essential roles of post-translational modiﬁcations in cellu-
lar processes offer inviting prospects for pathogens to interfere
and subvert host networks, thereby facilitating their growth and
virulence [12]. For example, both prokaryotic [13] and eukaryotic
[14] pathogens introduce their own kinases and phosphatases into
host cells and bacteria interfere with host (de)ubiquitination in
several ingenious ways [15]. A less known post-translational mod-
iﬁcation, protein AMPylation (or adenylylation) [16,17], is also
strongly associated with host-pathogen interaction. Although
AMPylation was initially characterised as a means to metabolicallylsevier B.V. All rights reserved.
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tion has focussed on pathogens’ AMPylation of host regulatory
GTPases and the resultant interference with phagocytosis [16,17].
AMPylation of GS is carried out by the N-terminal adenylyl trans-
ferase domain of a dedicated enzyme, GlnE, the homologous C-
terminal domain of which carries out the reverse deAMPylation
reaction through a phosphorolytic mechanism, forming ADP and
releasing unmodiﬁed GS [19,20]. The ﬁrst characterised pathogen
AMPylation enzymes were Fic domains [21,22] from the Fido do-
main superfamily [23], a broadly distributed domain whose single
human representative also has activity although uncertain in vivo
substrates [24]. Most recently, Legionella pneumophila effector
enzymes catalysing (de)AMPylation of host Rab1 have been
characterised for their role in the hijacking of host intracellular
transport mechanisms by this intravacuolar parasite. The AMPy-
lase SidM (also known as DrrA) contains an adenylyl transferase
fold [25]. SidD, recently identiﬁed as the deAMPylase [26,27], lacks
characterised close sequence homologues in databases, although a
limited, local resemblance between it and two bacterial phospha-
tases has been reported [27]. Here we show that SidD shares a dis-
tant but unambiguous relationship with protein phosphatases of
the PPM family covering the entire catalytic domain and enabling
modelling of the SidD structure. SidD is the ﬁrst non-phosphatase
activity characterised for the PPM group and suggests that the
search for further suspected deAMPylases should explore phospha-
tase families as well as the phosphodiesterases shown to catalyse
the reaction in vitro [24].2. Materials and methods
The sequence of the L. pneumophila strain Philadelphia-1 SidD
(code Q5ZSQ2) was retrieved from Uniprot [28]. Sequence data-
base searches were carried out locally with the HMMER 3 package
(http://hmmer.org; [29]) and domain searches with RPS-BLAST
[30]. SidD was then submitted to the HHPRED server [31,32]. The
catalytic domain located by the initial results was also submitted
separately to the server and to the GeneSilico Metaserver [33], as
were N- and C-terminal ﬂanking regions. Alignments for model
construction were obtained from the HHPRED server and from a
Pcons5 [34] meta analysis at the Metaserver. A structural align-
ment of the templates and other related structures was obtained
using MUSTANG [35] and post-processed to optimise structurally
unaligned sequence with STACCATO [36]. Secondary structure in
templates was deﬁned by STRIDE [37] and a consensus secondary
structure prediction for SidD taken from the Metaserver. Models
were constructed using MODELLER, using PPM phosphatase struc-
tures from Streptococcus agalactiae (PDB code 2pk0; [10]) and Ther-
mosynechococcus elongatus (PDB code 2j82; [7]) as templates. The
three bound manganese ions, cacodylate ion and catalytic water
molecule from the structure of M. smegmatis phosphatase (PDB
code 2jfs; [11]), representing the enzyme-substrate complex [11],
were also included in the modelling with metal-Asp carboxylate
oxygen distances restrained to 2.2 Å. A ﬁnal favoured model was
selected on the basis of DOPE scores [38] and stereochemical anal-
ysis with PROCHECK [39]. Regional validation of the model was
done by proﬁle analysis with PROSA [40] and VERIFY_3D [41]. Jal-
view [42] and PyMOL (http://pymol.org) were used for manipula-
tion and presentation of sequences and structures respectively.3. Results and discussion
3.1. SidD contains a PPM fold
In the present databases the only apparent sequence relatives of
L. pneumophila strain Philadelphia-1 SidD, even by sensitiveiterative Hidden Markov Model (HHM) searches (http://hmmer.
org; [29]), are near-identical (P96% sequence identity) sequences
from other strains of L. pneumophila. Nor can any informative hits
be obtained by searches in secondary sequence databases such as
Pfam [43] and CDD [44]. Nevertheless, signiﬁcant hits were ob-
tained at the HHPRED server which employs matching between
query- and target-derived HMM-proﬁles and includes a scoring
of compatibility of (predicted) secondary structure. The top hit,
with a probability of 72%, was for a match of around 110 residues
between a central portion of SidD and the structure of a PPM family
phosphatase from T. elongates (PDB code 2j82; [7]). The second hit,
although scoring slightly less well – probability of 70% – matched a
much larger region of SidD (residues 90–330) to almost the full
length of another PPM phosphatase from Sphaerobacter thermophi-
lus (PDB code 3pu9; unpublished). The probability scores increased
to 84% and 73% when the matching region alone was resubmitted.
Assignment of the central portion of SidD as the catalytic domain
left unmatched portions at both N- and C-termini of around 70
and 165 residues, respectively. Although both are predicted to con-
tain regular secondary structure, no match could be obtained in
either case by sequence comparisons or fold recognition.
Although the sequence identity of the central domain match
was low – 15% to 18% – there was an excellent correspondence be-
tween the predicted secondary structure of SidD and the secondary
structures of the phosphatases (Fig. 1). More striking was conser-
vation of the binding residues of the catalytically essential divalent
metal cations characteristic of the PPM phosphatase family (Fig. 1).
Catalysis is discussed in more detail below: here we simply note
that ﬁve Asp residues whose side chains coordinate at least one
metal cation are conserved in SidD, as is a Gly residue contributing
a main chain carbonyl to ligation of one metal. As previously, the
dispersal of these conserved residues along the alignment provides
a series of ﬁxed reference points which help improve the overall
quality of the alignment [45,46]. Taken together with the clear par-
allel between the reactions catalysed by PPM phosphatases and by
SidD (Fig. 2), these results demonstrate that SidD and the phospha-
tases share a common evolutionary origin. Since PPM phospha-
tases have a very broad distribution among eukaryotes and
bacteria while SidD appears conﬁned to L. pneumophila, it is clear
that phosphatase activity arose ﬁrst and that L. pneumophila con-
scripted and adapted a phosphatase to serve as a deAMPylation
enzyme.
3.2. Possible origins of SidD
Interestingly, some other Legionella species, but not L. pneumo-
phila, contain sequences with PPM domains although they are not
annotated as phosphatases. They are found in L. drancourtii (Uni-
prot C6N5H6; locus LDG_3539) and L. longbeachae (Uniprot
D3HME8; locus LLO_3182 [47]). However, there is no reason to
think that these bear any particularly recent evolutionary relation-
ship with SidD. For example, none of the characteristic insertions
or deletions of SidD with respect to templates (Figs. 1 and 4) are
found in the regular Legionella PPM sequences. Neither PPM en-
zyme has an N-terminal extension like SidD. Both have C-terminal
extensions, in the case of the L. longbeachae enzyme appearing to
represent a partial duplication of the catalytic domain, but in nei-
ther case do they bear any detectable similarity to the C-terminal
domain of SidD.
Another possible origin for SidD would be horizontal gene
transfer from the host – amoeba or human. This would be particu-
larly plausible since some Legionella genes have clear eukaryotic
origins [48,49]. Furthermore, many of these are substrates of the
Icm-Dot Type IV secretion system indicating host-related func-
tions. However, these substrates, although including products of
seven other named Sid (substrates of Icm-Dot) genes, do not
Fig. 1. Alignment of L. pneumophila SidD with selected PPM enzymes of known structure. The structures were aligned and SidD added based on proﬁle matching and fold
recognition alignments. Each structure is labelled with PDB code, species name, protein name, and numbering according to the PDB ﬁle. Abbreviated species names are Sa for
Streptococcus agalactiae, Te (Thermosynechococcus elongatus), Ms (Mycobacterium smegmatis), Hs (Homo sapiens) and At (Arabidopsis thaliana). The numbering of SidD is that of
the native sequence. Insertions and deletions located near the catalytic site are labelled immediately above the alignment (see also Fig. 4). Predicted secondary structure of
SidD and actual secondary structure of templates are indicated below the alignment. Conserved amino-acids making direct contacts to bound metals in the modelled
conformation are shown in white on pink and an additional conserved Asp near the catalytic site as white on brown. These Asp residues are also labelled above the alignment.
Other positions are coloured according to conservation and chemical type. The numbers at the beginning and end of the human PP2C (PDB code 1a6q) sequence represent
structurally-determined terminal extensions not included in the alignment. The sequences of the superimposed structures include stretches of native sequence not deﬁned in
some structures (PDB codes 2j82 and 3kb3).
Fig. 2. Comparison of reactions catalysed by SidD (above) and the archetypal PPM phosphatase PP2C (below).
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contain C-terminal helical domains (represented in Pfam by the
PP2C_C domain PF07830) but no match between these and the
C-terminal extension of SidD could be obtained by fold recognition.
More tellingly, eukaryote PP2C structures were entirely absent
from the HMM-proﬁle:HMM-proﬁle matching and fold recognition
results suggesting that a prokaryotic PPM was the progenitor of
SidD. This may, nevertheless, have entered L. pneumophila via the
Icm-Dot Type IV secretion pathway since that system may also
mediate conjugation between bacteria [50].3.3. The SidD catalytic site
Insertions and deletions in SidD compared to templates – la-
belled in Figs. 1 and 4 – could readily be accommodated in the loops
between regular secondary structure elements so that, as expected,
the SidD model preserves the layered a+b fold of the PPM proteins
(Fig. 3). Only a 15 residue insertion from residues 284-298 was ex-
cluded from the model since it is too large to build accurately: the
ﬁnal model otherwise represents SidD from position 72 to 337.
The ﬁnal chosen model, of 50, had the best normalised DOPE score
Fig. 3. The model of SidD shown in cartoon view, coloured according to secondary
structure. Bound metal ions are shown in purple, the catalytic water in cyan and
bound cacodylate in gold. Conserved Asp residues ligating metal ions in this
conformation, representing substrate complex (see text), are shown as pink sticks.
An additional conserved Asp near the catalytic site that binds metal in other
conformations is shown as brown sticks. Hydrogen bonds are shown as blue dotted
lines.
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from the catalytic site. Proﬁle analysis of the ﬁnal model with VER-
IFY_3D [41] and PROSA [40] is shown in Supplementary Fig. 1. The
overall Z-score by PROSA was -4.74, within the range of scores for
experimental structures of the same size. Three regions score poorly
(<0) by VERIFY_3D – 82-90, 222-234 and 262-278. Since the same
regions are unfavourably positive by PROSA proﬁle analysis they
should be considered the least reliable portions of the model.
The alignments used in model construction had already indi-
cated conservation of the metal-binding sites between PPMs and
SidD but the model conﬁrmed that there were no steric impedi-
ments such as nearby insertions to formation of a putative catalyticFig. 4. Cross-eye stereo close-up view of the SidD model catalytic site coloured as in Fig.
and the main chain path of one of the templates (2pk0) shown as purple cartoon for comp
to make p–p stacking interactions with the bound adenine ring of AMPylated-Rab1 sub
molecular surface is shown to illustrate the positioning of the catalytic site at the bottosite in SidD (Figs. 3 and 4). Two of the Asp residues shown in Figs. 3
and 4 – Asp92 and Asp110 – have been mutated to Ala with accom-
panying loss of catalytic activity [27]. A third mutation Asp60Ala
had no effect on activity: this residue lies outside of the assigned
catalytic domain. Outside the environs of the bound metal there
are limitations on the degree to which the model can be used to
predict details of SidD substrate binding and catalysis. First, the
distant relationship between SidD and phosphatase templates re-
stricts the accuracy of the model, particularly in the vicinity of
the two insertions near the catalytic site (Figs. 1 and 3). Secondly,
the limited number and diversity of SidD homologues precludes
the use of conservation mapping to highlight more important res-
idues and place them in a structural context. Nevertheless some
broad conclusions can be drawn.
It is clear that the SidD lies at the bottom of a crevice whose
walls are not formed solely from insertions with respect to the
templates, but also from regions conﬁdently aligned with and con-
served between PPM structures. The AMPylated Tyr77 on the sub-
strate Rab1 must therefore detach from its crystallised position, in
which the adenine ring lies ﬂat on top of a surface Phe residue [25],
in order to insert into the relatively enclosed SidD catalytic site.
Such insertion may require localised conformational change of
the main chain in the vicinity of the AMPylated Tyr. Interestingly,
the model reveals that two aromatic side chains – Phe238 and
Tyr113, not generally present in phosphatases (Fig. 1), lie sufﬁ-
ciently close to the catalytic site to potentially form p-p stacking
interactions with the adenine group of the AMPylated Rab1 sub-
strate (Fig. 4). Such interactions are commonly seen at adenine
binding sites [51] and are also present in the substrate structure
[25].
Of the insertions and deletions found in SidD relative to PPM
enzymes, three insertions, the larger two I1 and I3 being neigh-
bours, and a single deletion D1 lie at the catalytic site (Fig. 4). It
seems reasonable to suppose that these are responsible for the
switch in activity from Ser/Thr protein phosphatase to Tyr protein
deAMPylase. This necessitates two distinct changes (Fig. 2), ﬁrstly
in the region binding Ser/Thr in the phosphatases to accommodate
the larger Tyr and secondly to recognise the nucleoside component
of the SidD substrate. There are precedents for the speciﬁc correla-
tion of loop regions with activity in the PPM superfamily. In pyru-
vate dehydrogenase phosphatase, for example, a large insertion3. Nearby insertions and deletions, also indicated on Fig. 1, are labelled as I1-I3, D1
arison in those areas. Also shown and labelled are aromatic residues suitably placed
strate (see text). The three bound metal ions are numbered and a semi-transparent
m of a cleft (see text).
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however, any attempt to map substrate binding sites in further de-
tail seems excessively speculative. Reliable data regarding sub-
strate binding to PPM phosphatases would help, but are
presently unavailable. Two rather different proposals about PPM
substrate binding mode have been made, one based on a crystallo-
graphic symmetry contact [10] and another on the structure of an
inhibitor [6]. However, modelling of a Tyr residue into the regions
in question shows that large structural shifts would be required for
its accommodation into SidD (not shown), even if either of the sug-
gestions proves to be correct for the PPM enzymes in question.
Previously, His62 found at the catalytic site of human PP2C has
been proposed as a general acid donating a proton to the leaving
group [53]. In the absence of this residue in mycobacterial PPM,
an alternative, His153, was mutated to Ala to see if it fulﬁlled the
proton donor role [11]. However, the lack of a signiﬁcant effect
on activity led the authors to conclude that a water molecule or
a group on the protein substrate acted as proton donor [11]. In
the case of SidD there is again no suitable ionisable group well-
positioned to act as a general acid. Furthermore, inspection of the
structure of AMPylated Rab1 [25] shows that there is no His resi-
due – the most suitable amino-acid due to its pKa value near neu-
trality – close to the site of modiﬁcation of the SidD substrate. This
argues against substrate-assisted protonation and leaves a water
molecule as the most likely general acid for the SidD reaction.4. Conclusions
Lacking readily identiﬁable sequence homologues, SidD is an
ORFan protein [54]. Furthermore, it is not even found in every se-
quenced L. pneumophila strain, only in three of ﬁve compared by
Schroeder et al. [55]. Such ORFan sequences have been suggested
largely to be unrecognised members of known superfamilies [54]
and we show here that this is indeed the case for SidD. A major
conclusion of the present work is in demonstrated catalytic reac-
tion diversity in the PPM family previously characterised as being
composed exclusively of Ser/Thr protein phosphatases. In this re-
spect, the PPM family now joins others which harbour both protein
phosphatase activities and other hydrolase functions [56,57].
Since a SidD deletion mutant replicates normally in host cells
[26,58] there may be limited interested in developing small mole-
cule SidD inhibitors for pharmacological purposes. However, such
compounds would still be useful as aids to further experimental
characterisation of SidD. Thus, the distant homology between SidD
and PPM phosphatases, coupled with conservation of the catalytic
site, suggests that it may well be worth mining inhibitors of the
latter – both small molecules [59] and peptides [60,61] – for com-
pounds that modulate SidD activity in vitro and in vivo.
Despite the limited distribution of SidD, the complete fold
assignment reported here, which extends the observation of Tan
and Luo [27], is an important precedent for deAMPylating activity
in families of protein phosphatases. Families of phosphodiester-
ases, such as that previously shown to contain an in vitro deAMP-
ylase activity [24], have hitherto been considered more likely to
harbour deAMPylases. The human genome contains around 17
PPM(-like) sequences, according to UniProt, some still largely
uncharacterised. Might one or more of these catalyse the elusive
deAMPylase activity expected to counteract the AMPylation activ-
ity of the human FID domain protein ?[24]Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2011.08.006.References
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